In this research, ZnO nanorods -Au nanoparticles nanohybrids have been fabricated and employed to sensitive electrochemical strategy for the specific detection of the ovarian cancer antigen CA-125/MUC126. The microdevice was developed in our lab based on gold and silver electrodes sputtered on glass substrate. The ZnO nanorods arrays were grown on working electrode using assisted microwave hydrothermal synthesis than gold nanoparticles (Au NPs) were deposited by sputtering. The Au NPs onto ZnO nanorods surface provides a favorable platform for efficient loading of anti-CA-125 antibody via binding with cystamine and glutaraldehyde. The effective loading of the biological material (CA-125 antibody and antigen) on the matrix was observed by SEM images. The electrochemical immunosensor shows a sensitive response to ovarian cancer antigen recombinant human CA-125/MUC126 with detection of 2.5 ng/μL, 100 times lower than immunoblot system. Due to high specificity, reproducibility and noteworthy stability, the developed sensor will provide a sensitive, selective and convenient approach to be used to detect CA-125/MUC126.
Introduction
Recently, the development of ultra-sensitive biosensors has been studied because of it allows fast and specific detection of serious or deadly illness molecular markers whose early detection is of fundamental importance in successfully in treating of the disease [1] .
Extensive research to achieve a simple, inexpensive and accurate device that employs biochemical molecular recognition properties as the basis of a selective analysis has opened new possibilities for using biosensors for patient diagnosis [2] . Among several types of biosensors, nanomaterials-based electrochemical immunosensors emerge as a promising technology due to features such as high sensitivity, 
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Materials Science and Engineering C j o u r n a l h o m e p a g e : w w w . e l s e v i e r . c o m / l o c a t e / m s e c specificity, simplicity and inherent miniaturization, resulting in low cost and short time analysis [3] [4] [5] [6] [7] . Despite the advances in nanomaterialsbased electrochemical immunosensors, some issues still need to be considered, like the design and engineering of biosensors and the amplification of signals [1] [2] [3] .
To improve the amplification of faint sensing signals and the sensitivity of biosensors, a great variety of nanomaterials and nanostructures, including gold nanoparticles (AuNPs) and ZnO nanostructures, have been exploited, although little is known about the effectiveness of them [8] [9] [10] [11] [12] .
The use of Au NPs assists on immobilization of biological entities due to their interesting physicochemical properties and possibility of modifying the surface by thiolated biomolecules [13] [14] [15] [16] . Researchers have reported that immobilization of biomolecules on AuNPs improves the stability and aids preserving the activity of biomolecules [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . Besides of this, the direct electron transfer between redox species and bulk electrode materials is facilitated by using Au NPs due to their conductor nature and enhances the electrochemical sensing [14] .
On the other hand, ZnO nanostructures have been utilized as matrix in biosensors due to nice biocompatibility and biomimicry, large specific area, high chemical stability and high isoelectric point (IEP~9.5) that make them favorable to immobilize and modify proteins [17] [18] [19] [20] [21] . Due to their semiconductor properties, ZnO nanostructures also provide an ideal channel for effective carrier transport during the redox process [22] .
Recently, Perumal et al. [23] prepared hybrid gold nanostructures seeded into nanotextured zinc oxide nanoflowers (ZnO NFs) for biosensing applications. They reported that the specific interaction of Au NPs with DNA from pathogenic Leptospirosis causes strains via hybridization and mismatch. According to them, the distributed AuNPs on ZnO NFs can act as a single platform for multiple detection strategies. Nevertheless, the interaction of 1D ZnO nanostructures with a variety of biomolecules needs more study.
Although ZnO nanostructures have been studied as a biosensor matrix to detect enzymes related to a great number of illnesses, there are a few reports in the literature about biosensors based on ZnO nanostructures for detecting ovarian cancer [24] [25] . The development of pointof-care biosensor systems to early detection of cancer may support in new means of treatment for tumors by improving patient care through real-time and remote health monitoring [26, 27] . However, it is necessary to find requirements such as rapid label-free detection, miniaturized sensor size, low cost, and portability. Moreover, there are few efforts on integrating of the ZnO nanostructures with commercial detection systems for their real application in biosensor devices.
Among the various oncomarkers related to ovarian cancer, the mucin 16 (MUC16 or CA-125) is a blood-circulating antigen (Ag) that consists on a high molecular weight glycoprotein found on the surface of ovarian cancer cells [27] [28] [29] [30] . Studies showed that 90% of women may test positive for CA-125 when they were diagnosed with the cancer [31] .
So, the early sensitive detection of CA-125, as well as, the development of a high sensitivity, low cost immunosensor specific to CA-125 are important issues for early clinical diagnoses.
Ren et al. [31] proposed a sensitive electrochemical immunosensor based on ferro-cenecarboxylic acid (FA), HCl-doped polyaniline (H-PANI), chitosan hydrochloride (CS-HCl) and Ag@Co 3 O 4 nanosheets for detection of CA-125. The electrochemical immunosensor was characterized by electrochemical impedance spectroscopy (EIS) using [Fe(CN) 6 ] 3−/4− in solution as the redox probe and the limit of detection was 0.25 pg/mL [31] . Raghav [32] and collaborators reported a copper(II) oxide nanoflakes based impedimetric immunosensor for detection of cancer antigen 125 with a lower limit of detection (0.77 IU/ mL). Nguyen and collaborators [33] developed a SERS immunosensor built-in microfluidic system based on Rhodamine-6G (R6G)-conjugated immunogolds with limit of detection of 15fM. Li et al. [34] developed an alternative electrochemiluminescence method to fabricate ultrasensitive sensor for detection of CA-125 based on dendrimer and magnetic nanoparticles with a detection limit of 0.032 μU/mL. Despite the advantages of the above-mentioned sensors, the use of simpler and easier to be synthesized biosensor matrix, and low-cost technologies for detection are issues that need for improvements on developing point-of-care biosensors economically feasible.
In this work, we proposed to engineering a novel electrochemical immunosensor specific to CA-125 based on ZnO nanorods (NRs)-Au NPs nanohybrids immobilized with anti-CA-125 antibody. The effective loading of the biological material on the matrix was observed by SEM images. The sensitivity of the simpler and low-cost biosensor prepared here was 2.5 ng/μL, 100 times higher than the immunoblotting test. Phosphate buffered saline (PBS) was prepared by compounding solutions of NaH 2 PO 4 (0.01 M) and Na 2 HPO 4 (0.1 M) to pH 7.4 and 0.15 mol/L NaCl as support electrolyte for all electrochemistry measurements.
Experimental section

Synthesis of ZnO NRs-Au NPs nanohybrids
ZnO nanostructures have been synthesized by using a seeding layer of ZnO prepared by Pechini method followed by the assisted microwave hydrothermal synthesis, as discussed below.
Preparation of ZnO seeding layer
A solution of zinc citrate was prepared by Pechini method [35] . Zinc acetate dehydrate, (CH 3 CO 2 ) 2 Zn·2H 2 O was dissolved, under heat and stirring, in a solution of citric acid and ethylene glycol in the ratio 1:4:16, respectively. The solution was spin-coated onto a glass substrate. Glass substrate was coated with Au trails by RF sputtering (Denton Vacuum, model DV-502AP) prior to solution deposition. Subsequently, the precursor thin film was treated at 400°C to remove organic materials and promote the formation of the ZnO crystalline phase.
Preparation of ZnO NRs-Au NPs nanohybrids
ZnO NRs were grown over the seed layer using assisted microwave hydrothermal synthesis. Zinc nitrate hexahydrate, Zn(NO 3 ) 2 ·6H 2 O, 99.0%, and hexamethylenetetramine, HMTA -C 6 H 12 N 4 , 99.0%, were mixed an equimolar aqueous solution. The reagents and the glass substrate were put in a Teflon cup and the hydrothermal process was carried out at 90°C for 1 h. The substrates were then withdrawn from the solution followed by thorough washing with deionized water and then dried in air. Aiming to form ZnO NRs-Au NPs nanohybrids, the nanostructure obtained were sputter coated with Au using a Bal-Tec model SCD 050 by 2-5 s. After that, the nanohybrids were treated at 400°C for 1 h. The nanohybrids were characterized by X-ray diffraction (XRD) by using the diffractometer XRD Rigaku 2000 with monochromatized graphite radiation, Scanning Electron Microscopy and energy dispersive X-ray spectroscopy (EDX) by using a JEOL -JSM 7500F.
Fabrication of ZnO NRs-Au NPs nanohybrids electrochemical immunosensor
The electrochemical immunosensor used here was developed in our group by using glass as a substrate having in its surface gold (Au) as working and counter electrodes and silver (Ag) as reference electrode, being configured each to be electrically isolated from the others. The metals were sputtered by using a sputtering Denton Vacuum, DV-502A model.
To the self-assembly process of the electrode, ZnO NRs-Au NPs nanohybrids were grown onto the working electrode, as described above. Subsequently, the modified electrode was coated with 20 μL of cystamine solution 20 mM, 20 μL of glutaraldehyde solution 2.5%, washed with deionized water and dried in air. Then, 10 μL of anti-CA-125 antibody solution diluted in PBS in the ratio 1:1000 was immobilized onto the surface of Zn NRs-Au nanohybrids based electrode. The anti-CA-125/MUC16 antibody used here was a CHOderived, (NBP1-96619), MUC16 (Novus Biologicals). So, the functionalized electrode was washed with deionized water to remove the physically adsorbed anti-CA-125 and it was stored at 4°C overnight. Finally, different concentration of the recombinant human CA-125/MUC16 was added to the bioelectrode and after that, the bioelectrode was immersed in PBS. The obtained immune sensor was stored in the refrigerator (4°C) to retain its characteristics when not use.
Cyclic voltammetric (CV) measurements were carried out on a Potentiostat/Galvanostat (Metrohn-Autolab PGSTAT 128 N) in a 0.1 M PBS solution containing 5 mM potassium ferri/ferrocyanide [Fe(CN) 6 ] 3−/4− as mediator and scan rate of 100 mV/s.
The detailed schematic for the preparation of the ZnO NRs-Au NPs nanohybrids based balustrade is shown in Fig. 1 .
Results and discussion
The XRD spectra of the ZnO nanorods over glass substrate are shown in Fig. 2 . It is possible to verify well-defined peaks corresponding to the hexagonal structure of ZnO with preferred (002) orientation, according to JCPDS 36-1451 [22, 36] . A typical wurtzite ZnO structure has polar nature consisting of polar and non-polar faces [37, 38] . The polar faces, (002) plane, show thermodynamic instability and to minimize the surface energy, it grows along the (002) plane faster than the other directions [37, 38] . The (002) face of the crystal becomes either positively or negatively charged and this attracts ions of opposite charges (O 2-or Zn 2+ ) to it. After covered, the surface will attract ions with opposite charges to cover the surface next making possible the growth of ZnO nanorods [37, 38] . Fig. 3 shows the SEM images of nucleation layer (NL) deposited over working electrode, as well as, ZnO NRs and ZnO NRs-Au NPs nanohybrids obtained after synthesis and functionalization steps. It can be seen that nucleation layer is a homogeneous film with small grain size and porous microstructure (Fig. 3.a) . These characteristics are fundamental for favoring the growth of perpendicular-aligned ZnO nanorods, as shown in Fig. 3.b and 3 .c. The ZnO nanorods grown are dense and show hexagonal base with diameter around 70-80 nm and length around 400 nm. Fig. 3 .d shows the image of the ZnO NRs after Au deposition and heating treatment at 400°C. It can be seen a large number of Au nanoparticles over nanorods surface with good dispersion, uniform, spherical shape with diameter in the range 5 to 10 nm. Energy dispersive spectrometry (EDS) analysis, Fig. 3 .d inset, revealed that the sample composition was Zn, O and Au, which proves the successful preparation of Au NPs functionalized ZnO nanorods. The simple methodology development here leads to excellent homogeneity of Au nanoparticles size and ZnO nanorods surface coverage with Au NPs compared with the chemical solution methodologies reported in the literature [39] [40] [41] [42] [43] .
Besides of this, it is possible to notice (Fig. 3.d) that the multi-level architecture of Au NPs over ZnO NRs would provide a higher surface area for anti-CA-125 antibody immobilization compared to other competing methods, like planar graphene sheet or gold thin film deposited on graphene [44] [45] . Considering that large surface area for high enzyme loading is a key point in the fabrication of bioelectrodes [22] , the ZnO NRs-Au NPs nanohybrids based electrodes have been employed for the biosensor fabrication. The calibration curve of the bare sensor is shown in Fig.4 .a. All the 16 curves showed the same electrochemical behavior proving excellent stability, reproducibility and reliability of the bare sensor developed here.
In order to study the behavior of the bare sensor without ZnO NRsAu NPs matrix, the biological material was immobilized directly on the bare sensor. No change was observed in the magnitude of redox peak currents of the cyclic voltammogram in the presence or absence of the CA-125 antigen (CA-125 Ag) (Fig. 4.b) . The reduction and oxidation peaks in the absence of the CA-125 Ag are located at 0.22 and 0.13, respectively. The cathodic current peak (I pc ) for the bare sensor with Ab is 1.27 mA. These values are similar to the obtained in the presence of 0.25 μg/μL CA-125 Ag (I pc 1.32 mA). It indicates that the bare sensor doesn't work as an electrochemical immunosensor for itself.
On the other hand, the use of ZnO NRs-Au NPs nanohybrids as working electrode leads to changes in the magnitude of the cathodic current peaks (I pc ) in the presence or absence of CA-125 Ag (Fig. 4.b) . The I pc were 0.11 mA and 0.38 mA in absence and presence of 0.25 μg/μL CA-125 Ag, respectively. The variation of change in the I pc indicates that the electron transference process increases in the presence of the antigen. This suggests firstly, the immobilization of the antibody over the surface of ZnO NRs-Au NPs nanohybrids and secondly, the linkage between antibody (Ab) and antigen (Ag). As well known, thiols coordinate very strongly onto a variety of metals, e.g., gold due to deprotonation of thiol groups upon adsorption [44] . In this work, the cystamine (Cyst), an organic amine disulfide, was used to modify the Au NPs surface by introducing amine groups when it is adsorbed upon Au NPs surface via thiol group. These amine groups are covalently bound with glutaraldehyde (Glut) [24] . The Glut reacts with CA-125 Ab amine groups giving a specific link to capture the CA-125 Ag and ensure the antigen-antibody specificity phenomenon. The sensing mechanism of CA-125 Ag through the bioelectrodes is shown in Fig. 1 .
The surface of the ZnO NRs-Au NPs hybrids materials was analyzed by SEM after antibody immobilization and linkage with the antigen (Fig. 5) . A protein thick layer deposited was observed showing very high antibody loading due not only to very high surface area provided by the grown ZnO nanostructures functionalized with Au NPs but also to the presence of thiols group from Cyst, that coordinate with Au NPs resulting in complete coverage of the sample surface by the immobilized antibody. It is also possible to observe that the anti-CA-125 antibody shows morphology like Y-shaped molecules with two arms (Fig. 5.a) that change to ribbons interleaved with loops ( Fig. 5.b) after binding with the antigen. The size of the structures is around 20 nm, very close to protein size reported in the literature. These SEM images are very similar with the pictures of the basic antibody and antigen structures reported by Greene et al. [46] . As far as the authors know it is the first time that antibody and antigen structures are reported by using SEM images.
The electrochemical sensing response of the ZnO NRs-Au NPs nanohybrids immobilized with cystamine (Cyst), glutaraldehyde (Glut) and anti-CA-125 antibody (Ab) bioelectrodes as a function of the recombinant human CA-125/MUC16 antigen concentration (Ag concentration, x = 0.50 μg/μL, 0.25 μg/μL; 25 ng/μL and 2.5 ng/μL) is shown in Fig. 6.a and Fig. 6 .b. The well-defined CV curves are obtained for the bioelectrode prepared at all measured concentrations of Ag. The magnitude of the cathodic current peak was found to increase with Ag concentration. It can be seen in Fig. 6 .a that I pc increase further to 0.38 mA for 0.25 μg/μL and 0.61 mA for 0.50 μg/μL. The same behavior was observed at lower Ag concentrations, where the I pc increases further to 0.42 mA for 2.5 ng/μL and 0.46 mA for 25 ng/μL.
The increasing of the I pc as a function of increasing the Ag concentration suggests that the binding of antigen and antibody help in the charge transference process. As the Ag concentration increases, biochemical reactions take place resulting in a release of more number of electrons. So, an increase in CV peak oxidation current is observed. The Fig. 6 .c shows the nitrocellulose membrane after immunoblotting test. It is possible to see that the immunoblotting showed detection limit of 0.25 μg/μL for the CA-125 Ag.
The CV curves obtained just for ZnO NRs-Au NPs nanohybrids and ZnO NRs-Au NPs nanohybrids immobilized with Cyst and Glut samples (Fig. 7) in the absence of Ag can also support the idea of occurrence of biological reactions between Ag and Ab. On the contrary of shown in Fig. 6 , the I pc decreases as the nanostructures and biological material are added (Fig. 7) . In this case, the transfer of electrons between the electrode and the electrolyte is obstructed due to the insulating nature of the immobilized biological material onto the ZnO NRs-Au NPs surface.
The possible sensing mechanism of the recombinant human CA-125/MUC16 antigen using the prepared bioelectrodes is shown in Fig. 1 . The main role of ZnO NRs-Au NPs nanohybrids is to provide a favorable environment for the immobilization of anti-CA-125 antibody. Firstly, nanohybrids are functionalized with cystamine to get amino groups on the surface (Eq. (1)). These amino groups bind with glutaraldehyde for providing carbonyl groups on the surface (Eq. (2)). The carbonyl groups are easily bound with the amino groups of the anti-CA-125 
As well known, the antibody is a Y-shaped molecule consisting of two arms and a stem connected by disulfide links [45] . The disulfide linkers allow a flexible movement in the antibody bound on the ZnO NRs-Au NPs nanohybrids surface [45] . The arms containing amino groups will bind with functionalized nanohybrids and a variable region (denominated Y in Eq. (3)) will work as an antigen binding site. In the presence of CA-125 antigen, the antigen binding domains loops mediate antigen specificity and binding [45] . Probably, in our case, after binding the CA-125 antigen loss electrons which assist in the reduction of [Fe(CN) 6 The observed results obviously indicate the importance of ZnO NRsAu NPs nanohybrids as a matrix biosensor. It was possible to detect 2.5 ng/μL of CA-125 antigen, 100 times lower than immunoblot system. This higher value of sensitivity is a result of high adsorption, effective antibody loading and possible fast electron communication characteristics of the ZnO nanostructures and Au nanoparticles, as also observed for enzymatic glucose and urea detection [2, 10, 22] .
The biosensing response measurements were repeated in triplicate and the bioelectrode samples were prepared under identical processing conditions. Similar results were obtained within experimental error implying that the ZnO NRs-Au NPs nanohybrids based bioelectrode matrix provides stable and reproducible results.
Conclusions
ZnO NRs-Au NPs nanohybrids based matrix has been synthesized by hydrothermal and sputtering methods and has been exploited for detection of CA-125, an ovarian cancer marker. ZnO NRs-Au NPs nanohybrids matrix provides a favorable platform for efficient loading of anti-CA-125 antibody via binding with cystamine (Cyst) and glutaraldehyde (Glut). The immunosensor shows a relatively low detection limit of 2.5 ng/μL, good stability and reproducibility. The high sensitivity highlights the importance of ZnO NRs-Au NPs nanohybrids matrix which provides an appropriate surface for the immobilized anti-CA-125 antibody preserving its active sites. Thus, the fabricated immunosensor may have a promising application prospect in clinical diagnosis.
